SUMMARY White and regional gray matter distributions of water, blood flow, and the protein tracer pertechnetate were measured in five normal squirrel monkeys. A second group of fire monkeys, which had undergone unilateral nephrectomy six months previously, were found at the time of study to have blood pressures similar to those of the control animals but increased brain water and altered distribution of blood flow which was increased in white matter. No alteration of capillary permeability to the protein tracer attended these changes, which appeared to be influenced by blood pressure.
THE PATHOGENESIS of hypertensive encephalopathy has been subject to research attention for some time and has recently stirred considerable controversy. Most investigators are in agreement that excess brain water is a critical characteristic of clinical and experimental hypertensive encephalopathy. Keen interest in the behavior of the socalled "blood-brain barrier" has characterized most studies, which have been designed to demonstrate the escape of a variety of protein tracers from vessels subjected to increased intraluminal pressure. The assumption has been made that a surplus of brain water is related to dysfunction of the plasma-brain interface as demonstrated by such tracer leakage. Attention has been directed to the course of events leading to injury of the barrier to tracer.
The current study was undertaken with the objective of determining the relationships among water, tracer leakage, and blood flow in identical focal areas of brain in an animal model of chronic hypertension. Despite unilateral nephrectomy and wrapping of the remaining kidney, at the time of sacrifice, the experimental animals did not have blood pressures different on the average from those of control animals. The results, however, demonstrate the presence of increased brain water in the monkeys with nephrectomy and suggest that other factors besides increased intraluminal pressure may be important in experimental and clinical hypertensive encephalopathy. Furthermore, the data suggest that the basic assumption concerning water distribution and its relationship to tracer barriers may be incomplete since these data show increased brain water without evident barrier leakage of the protein tracer.
Methods
Five adult male squirrel monkeys (Saimiri sciureus) weighing 780-900 gm underwent unilateral right nephrectomy under sodium pentobarbital anesthesia (25 mg/kg) approximately six months prior to investigation. The remain-ing kidney was compromised by cellophane wrapping at the same operation, with the objective of producing experimental renal hypertension. The monkeys developed no signs of illness to suggest development of either hypertension or uremia.
At the time of study six months later, the five nephrectomized monkeys and five controls were tranquilized with intramuscular phencyclidine HC1 (1 mg/kg), to avoid the vasodepressor effects of barbiturates. Tracheostomy was quickly performed under local 2% procaine HC1 anesthesia. Eighty % nitrous oxide and 20% O 2 were administered to the spontaneously breathing monkeys for the duration of the experiment. Arterial blood gases were not monitored. Catheters were placed in both femoral arteries and veins. One arterial catheter was attached to a Statham pressure transducer connected to a Grass polygraph for continuous blood pressure monitoring during the two to three hours of preparation. The other arterial catheter was connected by a three-way stopcock to the contralateral femoral vein, providing, when open, access to an AV fistula from which arterial samples could be rapidly obtained. The remaining femoral venous catheter was used for the intravenous delivery of sodium pertechnetate, containing technetium99m, and 14C-antipyrine. Following the placement of the catheters, the monkeys received 1.0 millicurie of technetium-99m.
One hour after injection of the pertechnetate, a blood sample was obtained for measurement of technetium-99m. 14C-antipyrine (approximately 167 microcuries) was then administered by a Harvard constant-rate infusion pump. During the 40 to 60 second infusion up to ten arterial blood samples of one milliliter each were rapidly drawn at known time intervals from the AV fistula. Immediately upon completion of the infusion, the circulation was stopped by an injection of a saturated solution of KC1. The skull was rapidly removed and the cerebrum separated from the brain stem. Removal of the brain was complete within six minutes.
The cerebrum was divided into hemispheres which, in turn, were parcelled into four regions corresponding anatomically to the frontal, parietal, temporal, and occipital lobes. From each lobe 12 small samples (approximately 100 milligrams per sample) of cortical gray matter were obtained and placed in tared vials. Similarly, 12 samples were obtained from the white matter of each parietal centrum semiovale. Hence, 12 samples were obtained from each of BRAIN WATER AFTER NEPHRECTOMY//4«^«on et al. Cerebral blood flow for each monkey was calculated from these data using a modified technique of Reivich. 1 In two monkeys, both controls, cerebral blood flow estimates were invalidated by technical difficulties so that only percent water and technetium-99m brain/blood ratios were available. Water content, pertechnetate, and flow data were available for all samples of the eight other monkeys. Statistical methods included separate analyses of variance for each parameter.
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As indicated, blood pressure was monitored continuously over the period of preparation of each animal. A value for mean arterial blood pressure was obtained visually from the polygraph record of each monkey by five individuals and the estimates were averaged. Heart and kidney(s) of four nephrectomized and two control monkeys were removed for histopathological study.
ten areas (bilateral frontal, parietal, temporal, and occipital cortical gray matter and parietal white matter) for a total of 120 samples from each animal. Water, technetium-99m, and 14C-antipyrine were measured in each of the samples.
Following determination of the wet weight of a sample, the activity of technetium-99m was measured in each sample and in the blood using a well counter. A brain/blood ratio for technetium-99m was calculated for each sample. The samples were then dried to constant weight by heating at 60°C
for three days and exposure to a vacuum of less than 0.1 n Hg for four hours. The difference between the wet and dry sample weights was assumed to be due to water loss. Water content was therefore measured gravimetrically and expressed as percent water using the formula: [(wet weight) -(dry weight)/(wet weight)] X 100. Finally, the samples were dissolved in a tissue solubilizer (NCS, Amersham-Searle), and the activity of 14C-antipyrine was measured in a liquid scintillation counter. The timed serial arterial blood samples obtained during antipyrine infusion were similarly prepared and counted, yielding an arterial curve for each monkey.
Results
Worthy of comment was the uniformity of all measured parameters within the sampled areas and within the nephrectomized and control groups. Variability, expressed as standard deviations (table 1) , was small, reflecting the diffuse nature of the observed differences.
Blood Pressure
No significant fluctuations of blood pressure were observed in individual monkeys. Mean arterial blood pressures were not different in the two groups, ranging from 116 to 166 (mean 146) in the five control monkeys and 124 to 164 (mean 149) in the nephrectomized animals (table 2).
Water Content
Significantly greater water content was found in the white matter and all the gray matter regions sampled in the nephrectomized animals, compared with the corresponding (table 1, fig. 1 ). The difference in water content between the two groups, expressed as percent water, was greater in white matter (65.49 -62.85 = 2.64%) than gray matter (78.63 -76.82 = 1.81%) (table 2) . If the assumption is made that increased water content in the nephrectomized group represents an increment of water rather than a loss of solid constituents, then the associated relative volume increase (x) may be calculated by the formula 2 : x = [(percentage dry weight control) -(percentage dry weight nephrectomized)/(percentage dry weight nephrectomized)] X 100. Using the mean percentage dry weights for gray and white matter in the two groups, the calculated volumetric increments due to water increase in the nephrectomized group were 8.5 and 7.6 percent respectively. Intraregional sample variability was small in both groups (table 1) , indicating a homogeneity of regional water distribution in the normal animals and a uniformity of the increment in the nephrectomized group.
In all animals the well-recognized difference between gray and white matter water content was confirmed. Additionally, regional (lobar) gray matter differences in water content were demonstrated in both control and nephrectomized animals. Frontal and temporal water content was significantly greater (p < 0.05) than parietal and occipital content in both groups ( fig. 1 ).
Technetium-99n) Brain/Blood Ratio
No significant differences between the control and nephrectomized monkeys were demonstrated for white or gray matter technetium-99m brain/blood ratios (table 2). In both groups the white matter tissue pertechnetate was lower than that in gray matter, and the differences were statistically significant (p < 0.05). Moreover, regional (lobar) gray matter differences in technetium-99m brain/ blood • Nephrectomize * SE
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Blood Flow
Cerebral blood flow tended to be lower in the nephrectomized monkeys compared with the controls in all gray matter regions (table 1) . However, while the expected difference between gray and white matter blood flow was substantiated in all animals, a trend for flow to be relatively higher in the white matter of the monkeys of the nephrectomized group was found (table 2). The ratio of blood flow in white matter relative to that in gray matter in each animal, [(mean white matter flow)/(mean gray matter flow)], reflects the difference between the two groups. In the nephrectomized animals the ratio averaged 0.42, compared with the average control ratio of 0.26. While the distribution of flow between gray and white matter was altered in the nephrectomized animals, within gray matter a similar relative interregional (lobar) flow distribution was found in the two groups ( fig. 1 ). Frontal and parietal gray matter flow was significantly higher (p < 0.05) than temporal and occipital flow in both groups. Intraregional sample variability was small in both groups (table 1), suggesting that the uniformity of flow was not influenced by nephrectomy.
Water, Pertechnetate And Flow Correlations
Correlations between tissue water and pertechnetate, water and flow, and pertechnetate and flow were calculated within each region among monkeys. The results provide white and regional gray matter correlations between each pair of the three parameters in the nephrectomized and control groups (table 3) . No consistent gray matter trends were demonstrated; in frontal gray matter only, water and pertechnetate were correlated in nephrectomized animals, while a negative relationship between water and flow was suggested in the control monkeys. In white matter, interestingly, a correlation between flow and water was demonstrated in the nephrectomized but not the control monkeys. 
TABLE 3 Water, Perlechnetaie and Blood Flow Correlations in While and Regional Gray Matter Among Monkeys of Nephrectomized and Control Groups
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Blood Pressure Correlations
In both gray and white matter, mean water content was directly related to mean arterial blood pressure in the nephrectomized group ( figs. 2 and 3) . In contrast, no relationship between the two parameters was evident in gray or white matter of the control monkeys. Relationships between mean arterial blood pressure and tissue pertechnetate and between blood pressure and blood flow appeared to be similar in the two groups in both gray and white matter.
Histopathology
The hearts of nephrectomized monkeys demonstrated no microscopic evidence of sustained hypertension. The remaining cellophane-wrapped kidneys of the nephrectomized animals were found to have thickened fibrotic capsules with modest infiltration of inflammatory cells and occasional giant cells. Hemosiderin deposits were present in the perinephric fat. A few scattered foci of chronic interstitial inflammation were found in the kidneys of animals of both groups.
Discussion
Clinical encephalopathy characterized by diffuse and multifocal cerebral symptoms and signs, accompanied by evidence of increased intracranial pressure (papilledema and elevation of manometric cerebrospinal fluid pressure), is seen in the setting of rapidly developing hypertension (e.g., eclampsia) or exacerbation of more longstanding hypertension. In patients dying during a hypertensive crisis, generalized edema, with or without areas of focal encephalomalacia and blood extravasation, has been described pathologically. 3 The roles of edema and increased intracranial pressure in clinical dysfunction are not clearly understood. Moreover, the characteristics and origin of hypertension-related surplus brain water have not been fully elucidated. That chronic maladjustment of water distribution may exist in hypertension has been suggested by both human pathological studies and some experimental models. In a series of autopsy specimens from patients with chronic hypertension in life, Adachi 4 found water content, measured gravimetrically, to be increased, especially in white matter. Pathological findings in chronic hypertension also suggest longstanding edema of similar distribution, as described by Feigin. 6 Experimentally, Byrom 6 demonstrated presence of excess water in relationship to areas of focal extravasation of trypan blue in nephrectomized rats made acutely more hypertensive with pressor agents. However, he also described in the same model, a diffuse water increment unrelated .to tracer-identified vascular leakage. Meinig 7 found a similar diffuse increase in water content confined primarily to white matter following induction of hypertension in dogs. The increase in water content depended on the duration of sustained pressure elevation and did not correspond to areas of Evan's blue dye extravasation, which occurred cortically. Rosenblum 8 found increased brain water in chronically hypertensive nephrectomized mice treated with DOCA and salt. The excess fluid appeared to be located in both gray and Blood Pressure (mmHg) white matter, especially the latter. These experimental studies, in which water content was measured gravimetrically, suggest a diffuse excess of water not clearly related either topographically or temporally to the gross vasculopathy represented in some models by extravasation of dye.
In investigations of the pathogenesis of hypertensive encephalopathy, experimental attention has been directed almost exclusively, however, to the effects of acute increases of intraluminal pressure on cerebral blood vessels. The assumption has been made that increased brain water, characteristic of encephalopathy, must enter at this time, osmotically following extravasated solute or colloid, a type of multifocal "vasogenic" edema. 9 -10 To explain vasculopathy with solute and colloid escape, two concepts have currency -one holding that autoregulatory vascular responses are pathologically excessive ("vasospasm"); and the other postulating that the regulatory responses are pathologically overwhelmed ("breakthrough"). In the vasospasm theor y8. n-13 j t j s thought that hypertension-induced spasm (hyperactive Bayliss effect) produces endothelial ischemic anoxia with disruption and accompanying extravasation of solutes, colloids, and water. The breakthrough theory 7 ' 14 " 22 suggests that hypertension produces vasodilatation because intraluminal pressures exceed those that can be compensated for by autoregulatory mechanisms, resulting in a loss of integrity of the "blood-brain barrier" and edema. Both concepts imply that fluid ingress to the parenchyma follows, causally and temporally, an acute disruption of vascular barriers to solute and colloid. Models demonstrating generalized brain swelling similar to that described in autopsied hypertensive human brains have, for the most part, however, been those in which chronic hypertension has been produced, usually by various renal manipulations. 6 ' 8 -
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Signs consistent with encephalopathy have been observed to develop either spontaneously or with further pharmacologically-induced pressure elevation in some experiments of this nature. Focal, usually cortical, but not diffuse, solute leakage and water accumulation have been described in models of acute hypertension, usually pharmacologically produced. 8 
Hence, experimentally induced diffuse edema has occurred in animals with more chronic hypertension and renal manipulation, while patchy cortical solute and water accumulation has been demonstrated in acute hypertension without renal lesions. Data from the current study demonstrate a diffuse increase of brain water in monkeys with nephrectomies despite blood pressures similar to those of control animals. They also indicate that the alteration of water content is not associated with a concomitant enhancement of the transendothelial passage of the protein tracer pertechnetate. The influence on brain water content of renal manipulation in experimental hypertension is therefore difficult to separate from that of hypertension alone. Similarly, the effects of the frequently associated or causal renal lesion in the clinical setting may contribute to the pathophysiology of chronic and acute hypertensive encephalopathy.
The data also show that the relationship between arterial blood pressure and brain water, but not pertechnetate, is altered by nephrectomy such that as mean arterial blood pressure increases so also does brain tissue water content. These findings bring into question the assumption that edema formation may be equated with protein tracerassessed blood-brain barrier disturbances in hypertension induced or accompanied by a renal lesion. They suggest, instead, the possible predisposition for significant pathological and functional consequences during periods of increased blood pressure in animals with nephrectomies or patients with renal pathology.
The mechanisms by which brain water in the nephrectomized animals increases remain obscure. According to the Starling model, the altered relationship between mean arterial blood pressure and brain water found in the nephrectomized animals indicates a lowering of the vascular threshold for transudation. The reduction of threshold could be the consequence of changes of osmotic relationships associated with increasing intraluminal pressure, or of failure of arteriolar pressure-dampening mechanisms to "protect" the capillary bed from central pressure, leading to increased transmembrane hydrostatic pressure.
In regard to the first possibility, an alteration in transendothelial permeability characteristics might be postulated, such that with an increasing filtration pressure solutes and colloids redistribute to produce an osmotic relationship favoring movement of water into the brain. An alteration of brain capillary permeability has been suggested as an important feature of uremia by Fishman, Feher, Freeman, and others. 2326 Uremia was not chemically excluded in the animals of the present study, and, while no alteration of permeability to the protein tracer pertechnetate was found, the possibility that permeability was altered to other solutes or colloids, dissimilar in their characteristics from pertechnetate, following nephrectomy cannot be excluded. 2732 Difficult to reconcile with these considerations are reports that the brains of animals with experimental uremia 23 and autopsied normotensive uremic human brains are not edematous. 33 The second possibility, that cerebral regulatory vessels fail to dampen central arterial pressure for protection of capillaries following nephrectomy, would be consistent with the results. Such a pathophysiological mechanism would result in increased intraluminal hydrostatic pressure at the capillary level. The result would represent an abortive "breakthrough" phenomenon stopping short of endothelial disruption and solute permeability alteration. The data suggest that distribution of blood flow was altered in the nephrectomized animals with a relatively (and absolutely) greater flow in white matter. The apparent maldistribution of flow may be a manifestation of a primary effect of nephrectomy on cerebral resistance vessels.
Finally, the excess cerebral water might be attributed to a failure of membrane homeostasis in the brain, rather than a lowering of the vascular threshold for transudation, resulting in diffuse intracellular accumulation of water. 34 
"
36 Such a mechanism, designated "cytoxic" edema by Klatzo, 9 would not involve enhancement of transendothelial passage of solutes or colloids. Effects would be most pronounced in gray matter. The direct relationship of water content with mean arterial blood pressure suggested by the study would not be consistent with this mechanism. The data are in best agreement with the second postulated mechanism above. BRAIN WATER AFTER NEPHRECTOMY/Anderson et al.
